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A ft.&length cDNA clone for the H+/hexosc co.transporter (STPI) from Arabidopsis rhdilrtm hns been transcribed in vitro and the mRNA injected 
into Xmyws oocytes. Under optimized conditions. oocytcs injected with the STPI mRNA accumulated 3-O.[methyl.‘~C]glucosc at rates of more 
than a IOOO-fold greater than water-injected control oocytee. A hexose.clicited depolarization ofthe oocytc membrane potential was demonstrated. 
and uptake was shown to be stimulated by low external pH, conlirtning the activity of a H’lhexosc o-tmnsport system. This is the first example 
of the functional expression of tt plant membrane trunsportcr in oocytes. 
Amhidopsls ri~aliutm: Hexosc trunsporter: Proton symportcr; Hctcrologous expression; Xenupus oocyte 
1. INTRODUCTION 
Oocytes from Xenopus laevis have been used exten- 
sively for the heterologous expression of mammalian 
transport systems [l] and have proved to be an imyor- 
tant tool for characterization of the transporters, and, 
in some instances, for isolation of the corresponding 
genes [2]. Although a yeast membrane receptor protein 
has been expressed successfully in Xwoprrs oocytes [3] 
there have been no reports of the functional expression 
of a transport protein from a higher plant. However, a 
number of studies have demonstrated that plant 
mRNAs can be translated in X~opus oocytes (e.g. 
[4,5]), and that, where appropriate, the encoded plant 
proteins can be successfully glycosylated and secreted 
1671. 
Recently, DNA clones for H’/hexose symporters 
have been isolated from both Cltlowliu kcssl~r~i and Ara- 
bidopsis rhakana and their identities confirmed by 
heterologous expression in the fission yeast Schizosuc- 
charonzyces ponzbe [8,9]. Here we report the functional 
expression of the Arabidopsis H+/hexose co-transporter 
(STPl) in Xenopus oocytes. 
2. MATERIALS AND METHODS 
2.1. Syt~rltesis of STPI nRNA 
A full-length cDNA for the Arubidopsis STPI H*/hexose co-trans- 
porter (pTF414A) was kindly provided by Dr. N. Saucr. The 1.800 bp 
insert was subcloned into the transcription vector pGEM-3Z 
Abbtdutiotts: 3-OMG, 3-O-methylglucose; MBS, modified Barth’s 
sulinc; SDS, sodium dodecyl sulphate. 
Corrwporrrlrtrcc address: A.J. Miller, Department of Biochemistry and 
Physiology, AFRCIACR, Rothamsted Experimental Station, Har. 
penden. Hertfordshirc AL5 2JQ, UK. Fax: (44) (5R2) 760 981. 
(Promcga Corporation, Madison, WI. USA) to give pAGTl, and the 
orientation and identity of the sequence was confirmed by partial 
sequence unulysis. For in vitro transcription, pAGil was linearized 
with ffhdlll, and mRNA synthcsizcd with T7 RNA polymerase inthe 
presence of a cap analogue (GpppG). 
2.2, Oocyk~ itQecliotts 
Oocytes were surgically removed from adult female Xcnopus fuc~h 
(Blades Biological, Edenbridge, Kent, UK) and follicular cel!s sur- 
rounding the oocytes were removed by treatment with collagcnase 
(Sigma Chemicals, Poole. Dorset. UK; type IA) at 2 mdml in modi- 
ficd Barth’s aline (MBS) [IO] for 2 h. MBS contained 88 mM NaCI, 
I mM KCI, O&2 mM M&SO,, 0,4l mM CaCI,, 0.33 mM KNO,, 2.4 
mM NaHCO,, and I5 mM HEPES adjusted to pH 6 with HCI. After 
thorough washing with MBS, the oocytes were kept in MBS supple- 
mented with streptomycin and penicillin, both at lO~g/ml, for 12-24 
h u! IX’C. Healthy looking stage V-VI oocytes [ I I] were injected with 
50 ng of mRNA (determined by absorbance at 260 nm) in 50 nl water 
or with 50 nl of wuter atone using a glass capillary attached to a 
semi-automated microinjector (Drummond Scientific Co., 500 Park- 
way, Broomall, PA, USA). The injected oocytcs were incubated at 
IB’C in MBS for up to 5 days. The protein synthetic ability of each 
batch of oocytes was tested by injecting a number of the oocytes with 
synthetic human a-amylase mRNA and assaying for secreted a-amy- 
lust enzyme astivity after 24 Ir [l2]. 
Functional expression of the hexose transporter was assayed by the 
uptake of 3-O-[nlcthyl.‘JC]glucose (3-OMG; Amersham Interna- 
tional, Amersham, UK), Unless stated otherwise, uptake wts assayed 
ut 22°C in MBS. pH 6, without antibiotics and with an external 
3.OMG concentration of 30 PM (specific activity 4.62 MBq&mol), 
Oocytes were incubated in radiolabclled hcxose for 30 min and then 
rinsed iive times with ice-cold unlabclled MBS. Individual oocytcs 
were then lyscd by incubating in 0.5 ml 1% SDS (v/v) for 1 h til2O’C. 
Oocyte size was measured using a microscope filtcd with a long 
working distxcc x4 objective lens, u x8 ocular lens, and e video 
cttmcra. The mean oocyte diameter was measured by image analysis 
of the video cumem output (Magiscan 2A, Joyce Loebl, Team ValLy, 
Gateshead, UK). Oocytc volume changes were then measured after an 
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osmotic hallenge in which the bathing solution was replaced with 50% 
(v/v) hypotonic Barth’s uline [ 131. 
Standard microelectrode techniques were used to measure the 
oocyte membrane patentinls and output voltages from an electrometer 
(WP Instruments, New Haven, CT, USA: model FD 223) were rem 
corded at a sampling rrequency of 10 Hz on an Opus PC V microcom- 
purer using software developed by LR. Jennings (Univcrsily of York, 
UK) [14]. Microelcctrodes were filled with IO0 mM KCI and had 
resistances in Ihe range 5-10 MQ when measured in 100 mM KCI. 
Throughout he recordings oocytes were continuously supcrfused with 
MBS. 
3. RESULTS AND DISCUSSION 
Fig. 1 shows the time-course for expression of hexose 
uptake activity in Xerropus oocytes injected with syn- 
thetic mRNA encoding the Arubidopsis STPl hexose 
transporter. Oocytes injected with STPl mRNA 
showed a high rate of radiclabelled 3.OMG uptake 
compared to water-injected controls. lndividual batches 
of Xenopus oocytes differed markedly in their en- 
dogenous rates of 3-OMG uptake, with uptake rates by 
water-injected controls varying from 0,2 to 80 fmoV 
oocyte/min at 22°C in MB+% pH 6. However, the en- 
dogenous rates were always small when compared with 
oocytes injected with STPl mRNA. In the experiment 
shown in Fig. 1, the highest rates of 3-OMG uptake 
were obtained 3-4 days after STPI mRN.4 injection, 
when the rate was 3,000.fold greater than the water- 
injected control. A similar time-course was observed 
for expression of barley a-amylase mRNA in oocytes 
D51. 
Fig. 2 shows how substrate concentration affected the 
uptake of 3-OMG by oocytcs injected with STPl 
mRNA. The kinetics confirmed to a Michaelis-Menten 
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Fig. I. Time-course of expression of hexosc transporter activity in 
oorytes injected with STPI mRNA. The oocyles were injeclcd with 50 
ng mRNA or with water at day 0 and incubated in MBS at 18% At 
each time point, IO oocytes were transrerred to MBS containing “C- 
labelled 3.OMG for mcasuremcnt oruptake mbzs, Standard errors of 
Fig. 3. The effect ofexternal pH on 3.OMG uptake by oocytes injected 
with STPl mRNA or with water. The pH of MBS was modified by 
the addition of HCI or NaOH and oocytes were washed twice in the 
modified uptilkc solution before incubation for 30 min in the same 
solution containing %Xtbeilcd 3-OMG. At the end ofthe incubation 
the pH of the bathing solution was tested with a pH electrode and 
found to be onchanged, Each value is the mean + S.E.M. of IC! 
the mean are indicated for each value, oocylcs, 
0.0 0.2 0.4 0.8 0.8 1.0 
[3=OMG] mM 
. 
Fig. 2. The relationship between 3-OMG concenlration and the rak 
of 3-OMG uptake by oacytes injected with STPl mRNA. Each value 
is lhe mean ?: S.E,M. of IO oocytes. The curve is a fitted Michaelis- 
Mcnten funclion wilh a K,, of6OpM and a Vmr of 3 pmol/oocytc/min. 
function with a K,,, for 3-OMG of 100 PM at pH 6. This 
compares well with the K, of GO ,!fM obtained at the 
same pH for the STPl transporter expressed in S. 
pornbe [9]. 
By incubating oocytes in radiolabelled 3-OMG for 24 
h, measuring the diameter of oocytes (means 1.23 k 0.15 
mm) and assuming a spherical volume, the accumula- 
tion of the non-metabolisable h xose can be calculated. 
After 24 h in a solution containing 30 PM 3-OMG, the 
mean (+- S.E.M.) internal 3.OMG concentration in ten 
water-injected control oocytes was 7.4 (A 1.3) yM. In 
the same experiment, ten oocytes injected with STPl 
mRNA accumulated 3-OMG to a mean concentration 
of 13 1 (P 15.4) PM. over 4-fold higher than the external 
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Fig, 4. Membrane potential changes elicited by the addition of 3.OMG 
to the bathing solution for oocytes injected with (A) STPI mRNA or 
(B) water. The mumbrnne potential measurements wcrc made 4 days 
after ir?jLxtion of the oocytcs. In (A) 3.OMG was applied tit 30 and 
60 PM, giving inilisl dcpolarizdtions of 6 and L( mV. rcspcctively. 
Arrows indicate when the hexosc was added (closed) or removed 
(open). 
concentration. This demonstrates that the expression of 
the STPI mRNA in oocytes led to the functional expres- 
sion of an active hexose transport system, not simply a 
facilitator of 3-OMG diffusion. 
Further evidence for the functional expression of the 
H+/hexose co-transporter was provided by the pH de- 
pendence of 3-OMG uptake (Fig. 3). While uptake of 
3-OMG by water-injected oocytes was independent of 
pH between 5 and 8, the maximum rate of 3-OMG 
uptake by oocytes injected with STPl mRNA was 
achieved at pH 5. This result is consistent with STPl 
being a H’ co-transporter because this pH, of those 
tested, provides the largest proton gradient across the 
oocyte plasma membrane. Interestingly, uptake of radi- 
olabelled 3-OMG via STPl occurs when there is no 
gradient of pH (at pH 8, Fig. 3). This result suggests 
that in the absence of a proton gradient STPI may be 
able to use the electrical gradient o drive 3-OMG up- 
take, or that the protein can also function to facilitate 
diffusion of hexose. 
The symport of hexose and protons across the plasma 
membrane is expected to give a net movement of the 
equivalent one unit of positive charge into the oocyte. 
resulting in a depolarization of the membrane potential. 
A microelectrode was therefore used to monitor the 
oocyte membrane potential when oocytes injected with 
water or STPl mRNA were superfused with 3-OMG. 
While water-injected oocytes showed no change in 
membrane potential on addition of 30 ,uM 3-OMG 
(trace B in Fig. 4), the mRNA-injected oocytes showed 
a strong depolarization which was reversed on removal 
of the sugar (trace A in Fig. 4). Similar results were 
obtained in replicate xperiments although the extent of 
the depoiarization varied between individual mRNA- 
injected oocytes. The size of the depolarization was de- 
pendent on the concentration of 3-OMG and was larger 
with 60 than 30 PM 3-OMG (trace A in Fig, 4). The 
endogenous glucose transporter of non-injected oocytes 
requires the addition c f 10 mM glucose to give a l-5 mV 
depolarization [16]. These results provide additional ev- 
idence that oocytes injected with STPI mRNA are ex- 
pressing a H’/hexose co-transporter. 
The functional expression of glucose transporters 
from several animal tissues has been reported to in- 
crease the osmotic permeability of oocyte membranes 
to water [12]. However, when mRNA-injected oocytes 
that had previously shown a 3-OMG-elicited depolari- 
zation were transferred to hypotonic saline, we found 
no significant difference between their rates of osmotic 
swelling and those of water-injected oocytes (data not 
shown), 
In conclusion, the finding that a plant membrane 
protein can be synthesized successfully and targeted to 
the oocytc plasma membrane to yield a functional trans- 
porter clearly demonstrates for the first time the appli- 
cability of Xenoplts oocytes as a heterologous expres- 
sion system for the identification and characterization 
of plant transporters and as a potential tool for cloning 
their genes. 
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